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INTRODUCTION
In recent years, structural health monitoring technologies for composite structures have been studied extensively in order to assess the safety and the durability of the structures. A potential candidate for the sensing device is an optical fiber Bragg grating (FBG) sensor III. FBG sensors are very sensitive to nonuniform strain distribution along the entire length of the grating, which deforms the reflection spectrum from the FBG sensors. Taking advantage of the sensitivity, microscopic damages that cause non-uniform strain distribution in CFRP laminates can be detected. In order to embed the sensors into the laminates near the critical location where the damages might occur without introducing any defects and strength reduction, the diameter optical fibers and their FBG sensors whose coaling outside diameter is 52 pm 121.
In this study, the small-diameter FBG sensors were applied to detect transverse cracks and delaminations in CFRP cross-ply and general quasi-isotropic laminates in different loading conditions, and debond growth in composite repair patches. The monitoring of the thermal residual stress during the fabrication process was also conducted. A method for the multi-mode damage pattern identification was also proposed as an inverse problem using the reflection spectrum. Then, the smalldiameter optical fibers and FBG sensors were embedded in a stiffened CFRP fuselage structure of 1.5 m in diameter and 3 m in length and applied to detect impactinduced damages in the demonstration structure.
DEVELOPMENT OF SMALL-DIAMETER OPTICAL FIBERS AND FBG SENSORS AND APPLICATION TO DAMAGE DETECTION

2-1. Development of small-diameter optical fibers and FBG sensors
The small diameter optical fibers (both single-mode and multi-mode) were developed and FBG sensors were fabricated with these optical fibers ( 
2-2. Detection of transverse cracks by embedded small-diameter FBG sensors
Although the peak shift phenomenon due to the axial strain or the temperature change is normally used as a sensing mechanism of FBG sensors, they are very sensitive to non-uniform strain distribution along the entire length of the grating (Fig. 3) (Fig. 4) , a non-uniform strain distribution due to the initiation and evolution of transverse cracks causcd the wavelength distribution in the reflected light, as shown in Fig. 5 
151.
While there were no transverse cracks, the spectrum kept its shape and the center wavelength shifted corresponding to the applied strain. With increasing transverse crack density, the shape of the reflection spectrum was distorted; the intensity of the highest peak became small, some peaks appeared around it, and the spectrum became broad. These experimental observations could be well explained by the theoretical prediction using the calculated strain distribution and the fiber optic theory /3-6/. The location of transverse cracks could be also obtained when a chirped FBG sensor with gradual change in grating period along the gage length was used /6/. The crack location can be well correlated with the wavelength in the spectrum. 
Small-Diameter Optical Fiber
2-3. Detection of delamination by embedded small-diameter FBG sensors
2-3-1. Delamination in four-point flexural tests
The same principal can be applied to the detection of delamination, which is the most important damage for structural design of composite laminates. Figure 6 shows the quantitative measurement results of delamination growth in four-point flexural tests for
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cross-ply laminates 111. The two peaks at shorter and longer wavelengths in the reflection spectrum correspond to the strain levels of the bonded and delaminated areas, respectively (Fig. 7) . The intensity ratio of the two peaks is a quantitative parameter for the delamination growth (Fig. 8) . The theoretical prediction using the calculated strain distribution by finite element (FE) analysis and the fiber optic theory was also found to agree well with the experiments HI. bending crack in lower 0° ply (Fig. 11) . The smalldiameter FBG sensor was embedded into 90° ply in contact with the lower 0°/90° interface in order to detect the delamination at the lower interface. The reflection spectrum from the embedded FBG was measured using the optical spectrum analyzer after the impact lest to observe any change /9/. 
2-3-3. Impact-induced delamination
Multiple-mode damage identification using the reflection spectrum
So far, we have noticed that the reflection spectrum of an FBG sensor is useful for monitoring the damage pattern, because it contains much information on the strain distribution within the gage section. Here, we attempt to identify the damage pattern of a notched cross-ply composite laminate as an inverse problem using a reflection spectrum of an embedded FBG sensor /ll/. The damage pattern near the notch includes multimode damages: splits in 0-degree ply, transverse cracks in 90-degree ply and delamination at 0/90 interfaces as shown in Fig. 15 . The evolution of such damage pattern was modeled using layer-wise FE analysis with cohesive elements to represent various cracks (Fig. 16) .
Then, the reflection spectrum was predicted by combining the FE-calculated strain distribution and the fiber optic theory. Based on the above forward analysis, the damage pattern represented by the design variables such as transverse crack density, delamination length and split length and so on., was optimized as an inverse problem while the spectrum shape was adopted as the objective function. In the estimation scheme, the damage pattern was expressed using the residual strength distribution of cohesive elements depending on the design variables. The identified damage pattern agreed well with the experimental one (Fig. 15) . 
DAMAGE DETECTION IN COMPOSITE STIFFENED FUSELAGE STRUCTURE
In the "R&D for Smart Material/Structure System The maximum magnitude of optical loss was found to be proportional to that of the impact load. Several smalldiaineter FBG sensors were also used to obtain the impact location through the dynamic strain measurement. Figure 20 shows the impact test specimens from flat coupons to stiffened flat and curved panels with embedded small-diameter optical fibers. obtain the impact location through the dynamic strain measurement, and multi-mode small-diameter optical fibers were embedded to judge the occurrence of the impact-induced damages using the optical loss due to bending. The algorism of impact load and damage evaluation and visualization system is shown in Fig. 23 .
SMALL-DIAMETER OPTICAL FIBER
Then, a novel impact detection and localization system was also developed as shown in Figure 24 . This system could successfully detect the impact locations and impact-induced damages. 
